ABSTRACT A system was established in which single cells differentiated to embryos at a high frequency. Small spherical single cells from a carrot (Daucus carota L. cv "Kurodagosun") cell suspension culture were obtained by fractionation through sieving, using nylon screens and then density gradient centrifugation in Percoll solutions. Eighty-five to 90% of these small single cells differentiated to embryos when they were cultured in a medium containing 2,4-dichlorophenoxyacetic acid (5 x 10' molar), zeatin (10-' molar), and mannitol (0.2 molar) for 7 days, followed by transfer to a medium containing zeatin (10-' molar) but no auxin. This indicates that there are at least two phases in the differentiation of embryos from single cells. The progression of the first phase required exogenous auxin, whereas that of the second phase was inhibited by the same growth regulator. The relationship between the morphology and potency for embryogenesis from single cells was discussed. The system established here is a useful one for investigation of differentiation process from a single cell to a whole plant via embryogenesis, especially in its early stage.
Somatic embryogenesis in cultured cells is a useful system for research on differentiation to a whole plant from a single cell. For biochemical investigation of somatic embryogenesis, however, a system in which embryogenesis occurs synchronously at high frequency is required. Fujimura and Komamine (3) established such a synchronous system of somatic embryogenesis in a carrot suspension culture. The method comprised fractionation of cell clusters (composed of 3-10 cells), by sieving and density gradient centrifugation, and transfer of the fractionated cell clusters to a medium containing zeatin but no auxin. In this system, more than 90% of the cell clusters synchronously differentiated to embryos, and physiological and biochemical studies of the process of embryogenesis from the cell clusters were performed using this system (4) (5) (6) . However, since the initial materials used in the system were cell cultures composed of 3 to 10 cells, which differentiated to embryos in an auxin-free medium, the possibility remained that differentiation to embryos had already been determined in the initial cell clusters.
In this present work, we report on the establishment of a system in which single cells selected give rise to small cell clusters which can be induced to undergo embryogenesis at high frequency in a carrot cell suspension culture. University, Sendai, 980, Japan carota L. cv "Kurodagosun") seedling. The cells were subcultured every 7 d for 6 to 12 months in a modified Lin and Staba medium (9) containing 5 x I0-M 2,4-D. The stock cell suspension culture was grown at 27C in 500-ml conical flasks on a reciprocal shaker (70 strokes/min and 5 cm amplitude) in the dark.
MATERIALS AND METHODS

Plant
The method of induction of embryo formation was as according to Fujimura and Komamine (3) . Embryo formation was induced by transfer of the cell clusters to a medium containing 10-7 M zeatin but no auxin (embryo-inducing medium).
The number of single cells was counted using a haemocytometer. Cell clusters and embryos were transferred to a counting chamber (0.25 cm3). The number of cell clusters and embryos was counted under an inverted microscope.
Fractionation of Single Cells. A stock cell suspension culture showed a heterogeneous population composed of single cells and small and large cell clusters with different sizes and densities. Single cells from this population were collected as follows.
Seven-d-old cells subcultured in a medium containing 2,4-D were passed through a nylon screen with 47 ,um pores and then through one with 26 gm pores. The cells pased through the 26 ,m screen were collected by centrifugation and suspended in the basal medium. One ml of the cell suspension (packed cell volume: 0.2 ml) was layered on a Ficoll (2-18%, w/v in water, 8 ml in total volume) discontinuous density gradient in a 10 ml tube and then centrifuged at 150g for 5 min. Sucrose (2% at final concentration) was added to the Ficoll solutions to adjust the osmotic pressure. After centrifugation, the fractionated cells on each different Ficoll concentration were collected, suspended in the basal medium, and centrifuged again at 1 50g for 3 min to remove the Ficoll.
RESULTS
Fractionation of Single Cells. Single cells were fractionated from cell suspension by sieving and density gradient centrifugation as described in "Materials and Methods". Microscopic observation of the cells in each fraction of Ficoll solutions revealed that the population of the fractions lighter than 6% Ficoll consisted mostly of dead cells and cell debris. On the other hand, the fractions heavier than 9% Ficoll contained many cell clusters which were able to develop to embryos when they were transferred to the embryo-inducing medium. Thus, it was considered that these fractions were not suitable for the purpose of the present work. Six to 9% fractions were resuspended in 10 ml of the basal medium in 15 ml tubes, and cell clusters were removed by centrifugation at low speed (50g for 5 s). The collected by the above procedure were transferred to various media. The cells were cultured in each medium for 7 d (preculture period). After this culture period, all the cells or cell clusters were collected, and washed with the basal medium. The number of embryos counted after 7 d culture in the embryo-inducing medium indicated the number of single cells which could form embryogenic cell clusters in the preculture period. Figure 1 shows the effects of auxins in the preculture. When the cells were cultured in a medium without auxin, no embryos were formed after transfer to the embryo-inducing medium. When auxin was added to the preculture medium, embryos were induced. This suggested that auxin was essential for single cells to form embryogenic cell clusters. 2,4-D at 5 X 10-8 M was most effective. In the medium containing 5 X 10-8 M 2,4-D, the longer culture period caused a higher frequency of embryogenesis (Fig.  2) . However, since segregation of small cell clusters from large cell clusters occurred when the culture period was longer than 8 d, and these segregated cell clusters were able to differentiate to embryos, causing confusion in results obtained, single cells were cultured for 7 d in the following experiments.
Cytokinins showed little effect on embryogenesis from single cells when each of them was added alone, but when zeatin was added to a medium containing 5 X 10' M 2,4-D, promotion of embryogenesis was observed at I0O M (Fig. 3) .
Some osmotica added to the medium showed promotive effects. Mannitol at 0.2 M was the most effective (data not shown).
Serial Observation. The frequency of embryogenesis from single cells was still less than 20% even under the best conditions described above. It was thought that there were several types of single cells in the fraction, and some single cells could not form embryogenic cell clusters under the culture conditions used. To improve the frequency of embryogenesis from single cells, therefore, it was necessary to eliminate those single cells from initial population for high frequency embryogenesis from single cells. We performed serial observations of embryogenesis from single cells to find which single cells could not form embryos even after transferring to the embryo-inducing medium. However, there was a problem in performing serial observation from single cells to embryos with the conventional method, because auxin, which was necessary for single cells to form embryogenic cell clusters, inhibited the development ofembryos from the embryogenic cell clusters. It was necessary to remove auxin completely in the course of serial observation.
We devised an apparatus for this purpose. The apparatus was composed of Visking tube (U.C.C.) and plastic frames (3 cm in diameter) for fixing the tube in a Petri dish. About 104 cells were cultured in the tube. Cells in the tube could be observed through the tube under a microscope. Culture before fractionation.
Addition Figure  4A shows a photograph ofpure type 1 single cell population after manual selection. The type 1 single cells collected were cultured in a medium containing 5 x 10-8 M 2,4-D, 10-6 M zeatin and 0.2 M mannitol. Figure 4 shows the time course ofembryogenesis from the type 1 single cells. The first division ofthese single cells occurred on the 2nd d (Fig. 4B) . The number ofcells in each cell cluster increased to 10 to 12 until the 7th d (Fig. 4, C-D) . On the 7th d, the formed cell clusters were transferred to the embryoinducing medium. Figure 4E is a photograph taken on the 7th d after transfer to the embryo-inducing medium, indicating that globular stage embryos were developed from the cell clusters shown in Figure 4C . Figure 4F shows torpedo-shaped embryos in the 14th d after transfer. The procedure for collection of the type 1 single cells did not indicate the collection of a special type of cells, but was supposed to eliminate the noise caused by such cells as elongated cells which had lost their ability for embryogenesis, and to purify the system of embryogenesis from single cells for biochemical investigations.
In conclusion, it can be considered from the present work that there are at least two phases in somatic embryogenesis from single cells, and determination for embryogenesis may occur in the first phase. Exogenous auxin was required for the determination, but once the determination occurs, auxin is inhibitory for development of the embryogenic cell clusters formed in the first phase to embryos. The system established here is a useful system for studies of the whole process of differentiation from a single cell to a whole plant, especially for analysis of the early process of embryogenesis, that is, for the investigation of how embryogenesis is determined.
